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PREFACE 

This is the Third Quarterly Report on a program to 
study the "Action of Lithium in Radiation-Hardened 
Silicon Solar Cells. t f  This report was prepared 
under Contract No. 952249 for Jet Propulsion Lab- 
oratory, Pasadena, California by the Astro-Electronics 
Division of RCA , Princeton, New Jersey. The period 
of performance covered by this report is from 
October 16, 1968 to January 15, 1969. The work 
reported here was conducted by the Advanced Techni- 
ques Group of the Astro-Electronics Division, Mana- 
ger ,  Martin Wolf. The Physical Research Laboratory 
is located at the RCA Space Center. The Project 
Supervisor was Dr. A. G. Holmes-Siedle and the 
Project Scientist was Dr. G. J. Brucker. The Tech- 
nical Monitor of the program was Mr. Paul Berman 
of JPL. 





ABSTRACT 

This is the Third Quarterly Report on a program of study and analysis of the manner 
in which lithium produces a recovery of radiation damage in silicon solar cells. This 
program has technical continuity with the work performed for NASA on Contract No. 
NAS5-10239. 
so that realistic predictions of solar-cell performance can be developed and optimum 
designs of lithium cells for space use cam be specified. 

The eventual goal of this effort is to understand the recovery mechanism 

The test vehicles being used for this work were (1) small-area solar-cell model de- 
vices, (2) a group of solar cells supplied by NASA on the above contract, (3) solar 
cells supplied by JPL,  and (4) silicon bars ,  usually in the "Hall-bar" configuration. 
The source of particle irradiation used was a 1-MeV electron beam produced by the 
RCA Laboratories Van de Graaff generator. 

The work during the present reporting period consisted of measurement of the physical 
properties and photovoltaic performance of a large number of JPL-furnished cells 
before irradiation and after recent irradiation to fluences of 1 x 1014, 5 x or 
3 x e/cm2, A total of thirty-two crucible-grown cells, irradiated to 1 x 1014 
e/cm2, have suffered no redegradation in a period extending to 69 days after irradia- 
tion, Al l  except five cells (lot C2) have shown significant recovery, one group of five 
having higher power than n/p control cells irradiated to the same level. Float-Zone, 
Quartz-Crucible, and Lopex cells irradiated more recently have shown no redegrada- 
tion in short-circuit current over a period extending to 11 days after irradiation. 
Some cells irradiated to 3 x 
during irradiation or  have suffered increases in series resistance after irradiation. 
Measurements on five batches of Float-Zone cells (lot C4) with different lithium dif- 
fusion and redistribution schedules indicate a decrease in lithium density and increases 
in minority-carrier diffusion length and photovoltaic response with increasing re- 
distribution time, 

e/cm2, however, have developed shunt leakages 
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INTRODUCTION 

A. GENERAL 

It has been shown that, at room temperature, electron, proton, and neutron- 
irradiated silicon solar cells spontaneously recover their electrical outputs following 
irradiation (Reference 1). Initially, the loss of electrical output is due to degradation 
of minority-carrier lifetime, The mobile lithium ion moves toward and combines 
with a defect-impurity complex, thereby changing its electrical properties, In solar 
cells, the interaction of lithium with radiation-induced defects ultimately produces a 
defect complex which appears to have little or no effect on the minority-carrier life- 
time, the result being a near complete restoration of cell efficiency. 

The contract effort reported here represents an experimental investigation of this 
phenomenon, by means of examining several of the physical properties of lithium- 
containing silicon bars and of p-on-n silicon solar-cells and by study of the processes 
that occur in these devices after irradiation, The objectives of the effort are to 
identify the parameters which effect the recovery and long-term stability characteris- 
tics of the solar cell structure and to generate information which will lead to the op- 
timization of these parameters. The eventual goal is to exploit this phenomenon for 
the production of solar cells for the space environment in quantity. In this direction, 
it is anticipated that (1) realistic predictions of lithium-cell performance can ultimately 
be developed, and (2) optimum designs of lithium cells for space use can then be 
specified. 

B. TECHNICAL APPROACH 

Stated briefly, the approach to the objectives stated above involves the testing of 
bulk samples of silicon, fabricated in-house as well as government-furnished (GFE)l  

Government Furnished Equipment under Contract No. NAS5- 10239. 
1 
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cells and JPL-furnished2 solar cells and in-house fabricated test diodes3. Experiments 
on bulk samples include Hall and resistivity measurements taken as functions of (I) 
1-MeV electron fluence, (2) sample temperatures during irradiation, and (3) iso- 
chronal anneals. 

c. SUMMARY OF PRECEDING WORK (>Lalte 1967 to October 1968) 

For purposes of continuity, a brief history is given here of the recent work 
performed on the predecessor contract (Reference 2) and the first half of the present 
contract. This history will also provide the reader with a better understanding of the 
current technical approach, its problems, and its objectives. 

In the work of the past year under contract NAS5-10239, in addition to continuing a 
series of long-term stability tests on GFEl cells and initiating such tests on in-house 
fabricated test-diodes3 and a second group of GFE1 cells, extensive measurements of 
cell capacitance were made over a wide range of reverse biases on selected solar cells 
and test diodes. 
donor-density vs. distance from the junction, and revealed large lithium-density 
gradients ( . 10%m-~)  near the junction and extending more than. 10 pm from the junc- 
tion. The capacitance measurement also produced the observation that lithium motion 
could be detected in a solar cell under strong reverse bias and an effective lithium 
diffusion constant for the cell material could be established. The large lithium 
gradient also sets up a large internal electric field ( >lo0 V/cm near the junction 
edge) thereby creating a field-aided diffusion situation for minority-carriers. This 
effect invalidates the concept of diffusion length for small minority-carrier lifetimes, 
(i. e. , where the electric-field effect is significant over a large fraction of the current- 
collection volume). This is the case after irradiation to fluences of the order 1015 to 

MeV/cm2, making application of Waite's theory (Reference 3)  very difficult. 
Accordingly, in the past year, some kinetic studies of damage recovery were made 
at lower radiation levels, in the fluence range 1013 to 1014e/cm2. Waite's theory, 
which reduces to a first-order kinetic equation at these fluences, was shown to des- 
cribe the experimental recovery curves adequately for a large number of cells. 
These cells, cells irradiated to -1Ol5e/cm2, and unirradiated cells, have since been 

These measurements yielded useful data on the variation of lithium 

2Lithium-diffused cells delivered by JPL to RCA for evaluation as part of this contract 
effort, 

'Test vehicles, similar to solar cells in all but photovoltaic response, fabricated so 
as to be compatible with experiments which appear particularly promising in terms 
of information yield, as well as the experiments which are regularly performed in 
the course of the work. These test vehicles include both litlhum-diffused and non- 
lithium-diffused diodes. 
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undergoing long-term monitoring of their characteristics for stability of (1) minority- 
carr ier  diffusion length, and (2) photovoltaic I-V characteristics, 

The problem of redegradation of recovered cells was attacked. 
tests made during the preceding contract and the first half of the present contract 
(Reference 4) on lithium-doped cells irradiated to fluences from to 1016e/cm2 
indicated that devices made from low-oxygen-content (Lopex or  Float-Zone) silicon 
a re  more likely to remain stable after recovery for radiation damage if the lithium- 
density concentration is sufficiently low to avoid significant lithium movement in the 
region near the junction. Several lithium cells which redegraded after irradiation 
to 1014e/cm2, and one which degraded spontaneously with no irradiation, displayed 
post-degradation photovoltaic characteristics which were not explainable in terms of 
straightforward solar-cell equivalent circuits. In most redegrading cells, the short- 
circuit current showed no sensible redegradation during power and open-circuit 
voltage redegradation. Minority-carrier diffusion length was also relatively constant 
during redegradation. 

Long-term stability 

In the first half of the present contract, silicon Hall bars of two types of crystal growth 
and two lithium concentrations were bombarded at about twenty controlled temperature 
(TB) levels between liquid - nitrogen (79°K) and 280°K. At all temperatures, carrier-  
removal rates ( An/ A CP ) were found to be lower than for Stein's (Reference 5) com- 
parable irradiations of phosphorus-doped silicon. The difference was greatest at the 
low temperatures. Introduction rates of carrier-removal defects were exponentially 
dependent on the reciprocal of bombardment temperature for both types of crystal 
growth, but the slopes and limiting temperature values differed. The temperature de- 
pendence was not consistent with a simple charge-state-dependent probability of in- 
terstitial-vacancy dissociation and impurity-vacancy trapping, 

Following bombardment, the temperature dependence of the carr ier  concentration 
and carrier mobility in the lithium-doped samples was measured periodically in the 
conventional manner. A characteristic pattern of reappearance of carriers (anneal- 
ing of carrier removal) and disappearance of charged-scattering centers (annealing 
of mobility) was observed in Float-Zone refined silicon at room temperature. Such 
recoveries did not occur so strongly in crucible-grown silicon and a different pattern 
of recovery was observed in this oxygen-rich material. It was previously thought 
that, while lithium would be removed during thk formation of the second complex o r  
"recovered-damage center", no net change in carrier concentration would occur, 
The partial annealing of carr ier  removal in Float-Zone silicon indicated an unexpected 
partial dissociation of the first complex (Li-V) which, however, does not occur when 
oxygen is present. 

The above Hall-measurement results suggest that a lithium-oxygen-vacancy (Li-0-V) 
complex is produced by electron bombardment in Quartz-Crucible silicon, and a 
lithium-vacancy (Li-V) complex in zone-refined silicon. The mechanism of 
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room-temperature annealing is attributed to neutralization of carrier-removal defects 
by lithium interaction in crucible silicon, and by both lithium interaction and defect 
dissociation in zone silicon. The Li-V defect is loosely bound compared to the oxygen 
containing Li-0-V defect. 
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SECTION II 

PERFORMANCE OF JPL-FURNISHED CELLS 

A. INTRODUCTION 

During the present reporting period, effort was concentrated on the evaluation 
of lithium-diffused p/n solar cells supplied by JPL. To date, three shipments have 
been received. The first shipment contained ten crucible-grown cells (termed "C 1 
cells") with 100 to 200 ohm-cm starting resistivity and ten crucible-grown cells 
("Hl-cells") with 25 to 35 ohm-cm starting resistivity. Shipment No. 2 contained 
ten crucible-grown cells ("C 2-cells") with 5 to 10 ohm-cm starting resistivity, ten 
crucible-grown cells ("H2-cells") with 20 ohm-cm starting resistivity, and ten 
crucible-grown cells ("T2-cells") with starting resistivity greater than 20 ohm-cm. 
Shipment No. 3 contained fifteen Lopex' cells ("T3-cells") with starting resistivity 
greater than 50 ohm-cm, ten Float-Zone cells ("H4-cells") with 80 to 120 ohm-cm 
starting resistivity, sixty Float-Zone cells ("C4-cells") with 200 ohm-cm starting 
resistivity, and fifty 10 ohm-cm n/p cells ("D-cells"). 

Tests performed on the cells included measurements of photovoltaic response under 
unfiltered tungsten illumination and air-mass-zero short-circuit current, extra- 
polated from filter wheel measurements (Reference 6), measurements of p/n junction 
characteristics in the dark, reverse-bias capacitance measurements to obtain donor- 
density profiles, and minority-carrier diffusion length measurements. The tungsten 
I-V characteristics have been measured with a power density of 140 mW/cm2 inci- 
dent on the cell surface. The cell temperature is maintained at 28°C by water and 
forced-air cooling. The measurements are reproducible over several years to 
within approximately 2 percent. In addition to the measurements at  140 mW/cm2, 
comparative I-V characteristics were frequently taken at a number of light levels. 
Measurements of this sort provide information on cell series resistance and junction 
characteristics (Reference 7).  

'Trademark of Texas Instruments, Inc. 
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Such measured cells were irradiated by 1-MeV electrons to one of three fluence values5: 
1 x 
mately 3 x 1013e/cm2/min. Several cells, however, were not irradiated, in order to 
provide a test of whether or not redegradation is induced by radiation, 

5 x 1014 or  3 x 1015e/cm2, All irradiations were made at a rate of approxi- 

Measurements after irradiation have consisted mainly of taking I-V characteristics 
under 140 mW/cm2 tungsten light, Measurements were repeated periodically, to de- 
termine the recovery and stability properties of the test cells. Wherever appropriate, 
such as when some cell redegradation was observed, multilevel tungsten I-V measure- 
ments, and capacitance and dark I-V measurements were made in order to determine 
the relationship between changes in I-V characteristics and the cell's physical 
properties. 

In the material to follow, the cells will be discussed in separate paragraphs according 
to lot, i. e. , lots C1, H1, and D(n/p control cells) in paragraph B, lots C2, H2, and 
T2 in paragraph C, lots T3 and H4 in paragraph D, and lot C4 in paragraph E. Cel ls  
from each lot are separated into several groups according to the fluence to which they 
have been exposed. These groups a re  indicated by the numbers in parentheses, e. g. , 
lot C 2  is in three groups; C2(1) exposed to 1 x 1014e/cm2; C2(2) exposed to 5 x 1014 
e/cm2; and C2(3) exposed to 3 x 1015e/cm2. In discussing cell performance, the 
average for a given group will be presented. Individual cells will be discussed only 
when their behavior diverges significantly from that of the group to which they belong. 

B. C1, H1, AND D-CELLS 

The C 1  and H I  cells were made from Quartz-Crucible silicon as  were the n/p D 
cells. The lithium diffusion and redistribution temperatures and times, the averaged 
initial lithium concentrations, and the diffusion lengths for C 1 and H 1  cells are given 
in Table I. Both C 1  and H1 cells were divided into two groups. Groups Cl (1 )  and H1 
(1), each consisting of 8 cells, were irradiated to a fluence of 1 x 1014e/cm2 in Novem- 
ber 1968; groups Cl(2)  and H1(2), each consisting of 2 cells, were irradiated to a 
fluence of !Z8 x 1014e/cm2 of MO. 7 MeV electrons in January 1969. 

In Table I, NLO is the lithium density ( ~ m - ~ )  at the edge of the depletion region, i. e. , 
approximately 1 pm from the junction, and dNL/dw is the lithium density gradient 
( ~ m - ~ )  giving the increase in lithium density with distance from the depletion edge. 

51n one of the irradiations, due to an e r ror ,  cells were exposed to m8 x 1014e/cm2 of 
B O .  7 MeV electrons instead of the intended 5 x 1014e/cm2 of 1-MeV electrons, 
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NLO is calculated from capacitance measurements taken near zero-bias, and dNL/dw 
is obtained from capacitance measurements with the cell at reverse bias, Past 
measurements on lithium cells (Reference 2) have shown an approximately linear 
increase in lithium density with distance from the edge of the depletion region, i. e. , 
constant dNL/dw, for a region extending several microns beyond the depletion edge, 
This was also found to be the case in the C 1  and H1 cells (Reference 4b.) It is seen 
from Table I that the shorter lithium diffusion time in C 1  cells (5 minutes as compared 
to 90 minutes in H 1  cells), has resulted in a very low lithium density, NLO, and 
density gradient, dNL/dw, 
length, Lo = 115 pm, whereas the H1 cells have a much lower value, Lo = 29 pm. 

The C 1 cells also have a high pre-bombardment diffusion 

TABLE I 

PROPERTIES OF C 1  AND H 1  CELLS 

Cell 
Group 

Cl(1) 

c i (2)  

HI(1) 

Hl(2) 

Number (e/cm2) Li diffusion 

Cells d Temp(OC) Time(Min) 
of 

8 450 5 

2 -8x1014* 450 5 

8 1X1014 425 90 

2 =8x1Ol4* 425 90 

Li redistribution 

(e/cm2) 

d 

1X1014 

5x1Ol4 

lx1014 

~5x1Ol4 

425 
450 I 

Pre-irradiation Post-irradiation 

I , ( ~ A )  po(mw) vo(mv) I / I ~  I P / P ~ ~ v / v ,  

71.0 30.3 600 0.69 0.61 0.86 

72.0 31.8 605 0.54 0.43 0.80 

57.0 21.7 565 0.73 0.72 0.93 

45.2 17.4 544 0.68 0.62 0.90 

425 I 60 

7 Days* 

VI, P/Po v/vo 

Table I1 gives the photovoltaic response curves of the cells, under illumination by 
140 mW/cm of tungsten light, measured before irradiation and several times after 
irradiation. The values a re  averaged over all the cells of the group (except when 
otherwise specified), with Io being the pre-irradiation short-circuit current, Po as 
the power at the maximum power point, and Vo as the open-circuit voltage. For 
convenience, the post-irradiation values I, P, and V a re  normalized to the initial 
values. The first set of measurements after irradiation is listed as "post-irradia- 
tion" in Table I1 (and in tables to follow) and was taken within 30 minutes after ir- 
radiation. All subsequent sets of measurements are labelled with the number of days 
(or minutes) elapsed after irradiation, 

2 

TABLE 11 

69 Days 45 Days 

VIo P/Po v/vo I/Io P/Po v/vo 
c I 

PHOTOVOLTAIC PERFORMANCE OF C 1  AND H 1  CELLS 

Cell G r o q  

1 I I 

0.55 0.44 0.79 

0.79 0.79 0.94 

0.72 0.66 0.89 

0.91 0.94 0.97 

*11 days for Groups Cl(2) and Hl(2) 
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Table I11 gives similar pre-irradiation and post-irradiation values for 10 ohm-cm 
n/p cells. This table gives values for cells irradiated to 5 x 1014 and 3 x 1015e/cm2 
of 1 MeV electrons, in addition to those for cells irradiated to 1 x 1014e/cm2 of 1 
MeV electrons and w 8 x 10 
as a basis of comparison for all lithium cells in the present report. In comparing 
Tables I1 and 111, it is noteworthy that the C 1  cells have higher initial photovoltaic 
parameters than the n/p cells. The values averaged over all ten C 1  cells were: 
Io = 71. 2 mA, Po = 30.6 mW, and Vo = 600 mV; those averaged over the fourteen 
n/p cells were: Io = 69.5 mA, Po = 28.1 mA, and Vo = 553 mV. Thus both the power 
and the short-circuit current in the C 1  cells was higher than in the n/p cells. This 
was true in spite of the fact that the averaged diffusion length in the n/p cells, Lo = 
170 I-cm, was significantly higher than the 115 pm average for the C 1  cells. This 
observation is in agreement with previous observations (Reference 8) which indicated 
that, for a given diffusion length, lithium cells yield a higher short-circuit current 
than n/p cells. 
understood (note the relatively low lithium density in the C 1  cells) but observations of 
Vo increase during lithium diffusion have been reported by the manufacturer (Reference 
9). 

14 2 e/cm of MO, 7 MeV electrons, and will be referred to 

The higher open-circuit voltages in the lithium cells is not fully 

TABLE 111 

Control Cell 

PHOTOVOLTAIC PERFORMANCE OF n/p CONTROL CELLS 

(e/cmz) Pre-irradiation I Post-irradiation 
5 I , ( ~ A )  I Po(mW) I Vo(mV) I I / I ~  I P/P, I V/V, 

D-1 

D -2 

D-3 

D-4 

D-5 

D -6 

D-7 

D-8 

D-9 

D-10 

D-11 

D-12 

D-13 

D-14 

lxlOI4 68.9 28.2 553 0.81 0.75 0.93 

lx1014 69.5 28.0 555 0.81 0.76 0.94 

lx1014 71.0 28.4 552 0.82 0.77 0.93 

lx1014 69.1 27.7 553 0.83 0.77 0.93 

5x10l4 69.0 28.1 557 0.71 0.63 0.90 

5x1Ol4 73.0 28.2 555 0.69 0.62 0.90 

- 8 ~ 1 0 ~ ~ *  69.3 28.6 557 0.69 0.59 0.87 

=8x1014* 71.0 28.1 550 0.66 0.58 0.88 

3 ~ 1 0 ' ~  67.3 27.9 551 0.59 0.49 0.85 

3x1015 69.0 28.6 551 0.59 0.49 0.85 

3x1015 68.1 27.7 550 0.59 0.50 0.86 

3x10l5 72.0 29.3 555 0.57 0.47 0.85 

5x10 '~  69.2 27.3 548 0.72 0.66 0.91 

5 x 1 1 3 ~ ~  67.2 27.4 554 0.72 0.64 0.90 

The H1 cells have significantly lower pre-irradiation values than the n/p cells, the 
averages being Io = 52. 6 mA, Po = 20.7 mW, and Vo = 561 mV. The lower values 
of short-circuit current are partly due to the lower minority-carrier lifetime in the 
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H 1  cells (Lo = 29 pm). However, they a re  also due in part to the nature of the spec- 
trum of the tungsten light used in the tests. The tungsten source has higher relative 
intensity toward the red end of the spectrum than does light from the sun which is 
further shifted to the blue, Since red light has a lower absorption coefficient in sili- 
con than blue light, minority carr iers  are generated (on the average) deeper in the 
base region with tungsten light than with sunlight. Thus, cell performance is much 
more sensitive to diffusion length under tungsten illumination than under sunlight, 
and the H 1  cells will perform better under sunlight than the numbers in Table I1 
indicate. An attempt was  made to overcome this shortcoming by calculating air- 
mass-zero short-circuit current of the cells applying a standard technique (Reference 
6) which utilizes measurements of short-circuit current under light from a three- 
color filter-wheel system, Later, these filter wheel measurements were compared 
with I-V curves made on lot C4 cells with a solar simulator (Reference 10). The 
comparison showed the filter wheel value of I, to be -10 percent below the simulator 
value. A probable explanation of this discrepancy lies in the previous observation, 
by Brucker , et a1 (Reference 8), of a strong injection-level (or light level) dependence 
of the diffusion length in lithium-containing solar cells. Given the comparison with 
the simulator, and the fact that the light level in each filter wheel measurement is 
more than a factor of 10 below the sunlight level at air-mass-zero, the filter-wheel 
measurements were  concluded to be misleading and were discontinued. 

A s  stated previously, post-irradiation values under tungsten illumination, normalized 
to the corresponding pre-irradiation values, a r e  given in Tables I1 and 111. The post- 
irradiation elapsed time for groups Cl(2)  and Hl(2) is not sufficient yet to cite any 
trends, However, trends for groups Cl(1) and Hl(1)  emerge clearly in Figures 1 and 
2. These figures present the averaged values of Table I1 plotted against time after 
bombardment in days. A scale also indicates the absolute value of the average of 
the maximum power of these groups of cells, In order to compare the cells perform- 
ance to n/p cells, the post-irradiation power values for D-1 and D-2 (two typical n/p 
cells irradiated to 1 x 1014e/cm2) a re  indicated on each scale. 

The C l ( 1 )  cells, shown in Figure 1, display a very slow rate of recovery over the 
first 69 days after irradiation, Over this time, the average power recovered from 
18. 6 mW (0. 61 Po) to 19. 8 mW (0. 65 Po). If this rate of recovery were maintained, 
sl.pproximately three more months would pass before the average reached the 21.4 mW 
of the n/p control cells. This very slow recovery is not surprising, in view of the 
very low lithium density in  these cells. Only one of the cells in group Cl(1) has shown 
any tendency to degrade. This was cell C1-30 which continued to decrease in perform- 
ance for a period of several days after irradiation had ceased. Immediately after ir- 
radiation, the performance values were I = 49.5 mA, P = 18. 0 mW, and V = 515 mV. 
Seven days after bombardment, they had decreased to I = 46.9 mA, P = 16.6 mW, and 
V = 500 mV. Subsequent readings, however, showed a steady increase: 69 days after 
irradiation, I = 48. 2 mA, P = 17.4 mW, and V = 507 mV. The values for this cell 
are still several percent below the group average. 
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The cells of group Hl(1)  recovered much more rapidly as can be seen i 
From immediately after irradiation to  69 days after i 
recovered from 15. 7 mW (0. 72 Po) to 20.3 mW (0.94 
of the Hl(1)  cells is now higher than that of the Cl (1)  cells. Note that the percentage 
power loss during bombardment is also lower in Hl(1) cells (28 percent) than in C 1( 1) 
cells (39 percent). This is a consequence of the lower initial power in the Hl(1)  cells, 
In order to achieve the same power level as n/p cells irradiated to 1014e/cm2, the 
Hl(1)  cells will have to recover to %O. 99 Po. The post-irradiation behavior has been 
similar for all of the Hl(1)  cells, and there were no instances of redegradation. 
However, the spread in initial performance was rather large and, thus, worth noting. 
The highest value of Io was 57. 1 mA; the lowest, 50.5 mA. The highest value of Po 
was 23. 2 mW; the lowest, 19.2 mW. 

C. C2, H2, AND T2 CELLS 

All of the cells in lot 2 were made from Quartz-Crucible silicon. The lithium 
diffusion and redistribution temperatures and times, as well as the averaged initial 
lithium concentrations and minority-carrier diffusion lengths, are given in Table IV. 
The C2, H2, and T2 cells a r e  each divided into three groups: (1) cells exposed to 
1 x 1014e/cm2, (2) cells exposed to 5 x 1014e/cm2, and (3) cells exposed to 3 x 1015 
e/cm2. 

The lithium density in the C 2 cells, as determined by capacitance measurements vs. 
reverse bias, varied a good deal from cell to cell. The cells of lot H2 had densities 
similar to those of H 1  cells, while T2 cells had lower densities, similar to those of 
C 1 cells. The average pre-bombardment diffusion lengths were: C2 cells e 8 0  p m; 
H2 cells %40 Irm; and T2 cells x 9 0  Pm. 

Table V gives pre- and post-irradiation performance parameters for each group. 
Note that group (1) cells from each manufacturer have been separated from the cor- 
responding groups (2) and (3) in the table since the 1 x 1014e/cm2 exposure was car- 
ried out in November 1968, while the 5 x 1014 and 3 x 1015e/cm2 exposures were 
done in January 1969. 

In these and subsequent data, concentrations given are only approximate, being 
data of m a group. However, a c r pro- 
eing put ion to compute all lithium es from 

6 

the raw capacitance data and these more accurate results should be available 
shortly. 
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TABLE W 

PROPERTIES OF C2,  H2, AND T2 CELLS 

'ime(Min) 

90 

90 

90 

1 

Temp(OC) 

425 

425 

425 

I 

90 

90 

90 

90 

425 

400 

400 

400 

emp(OC) 

425 

425 

425 

425 

425 

425 

400 

400 

400 
-. 

425 

90 I 425 

bution 

'ime(it'Iin 

120 

120 

120 

60 

6 0  

60 

120 

1'0 

120 

Li Concentration 

wide range 

wide range 

wide range 

c m) 
I, 

80 

80 

80 

40 

40 

40 

!IO 

90 

YO 

TABLE V 

PHOTOVOLTAIC PERFORMANCE OF C2,  H2, AND T2 CELLS 

Prc-irradiation I Post-i%adiation 1 ' 46 Days 

66.8 29.6 592 0.690.59 0.87 0.700.61 0.87 

61.9 26.0 583 0.710.65 0.89 0.920.87 0.95 

68.2 26.8 583 0.710.62 0.87 0.930.88 0.96 

Pre -irradiation 

68.0 30.3 892 

67.6 30.1 593 

57.3 24.3 578 

59.7 25.2 582 

69.3 26.4 577 

68.8 25.3 576 

Post-irradiation 

0.59 0.49 0.83 

0.45 0.36* 0.77* 

0.65 0.56 0.86 

0.49 0.39 0.79 

0.53 0.48 0.83 L 0.46 0.33 0.73 

3 Days t 0.59 0.50 0.83 

0.65 0.56 0.86 

0.49 0.39 0.79 

0.79 0.67 0.87 L 0.50 0.30 0.71 

69 Days 

VIo 1 P/Po I v/v, 

0.70 0.61 0.87 

0.92 0.88 0.95 

0.92 0.88 0.96 

11 Days 

0.61 0.50 0.83 

0.47 0.37* 0.76* 

0.68 0.57 0.86 

0.50 0.39 0.78 

0.87 0.76 0.90 

0.56 0.33 0.72 

*One cell (with shunt leakage) not included 
**Readings for one cell only; other cell displays shunt leakage 

***Both cells display severe post-bombardment shunt leakage and series resistance 
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Considering first cells of group (1) , Figures 3 ,  4 , and 5 graphically illustrate the data 
given in Table V for cell groups C2( 1) , H2( 1) , and T2( 1) , respectively. Cells of the 
C2( 1) group displayed good initial characteristics (Po = 29.6 mW). However , they 
have shown almost no recovery in the 69 days since exposure to radiation. The short- 
circuit current has increased only from 0.69 Io to 0.71 Io and the power from 0.59 Po 
to 0.60 Po. Al l  of the cells except one (C2-12, which displayed significant shunt 
leakage after bombardment) behave similarly after bombardment in spite of large 
cell -to-cell variations in measured donor density profile. The absence of significant 
recovery is puzzling. It is possible at this time only to conjecture that some impurity 
is completely bonding with and, thereby, immobilizing the lithium. The relatively low 
starting resistivity (i.e. , low for lithium cells) of 5 to 10 ohm-cm and the antimony 
dopant a re  other possible factors. However, more information is required on these 
cells, especially with regard to the behavior of the donor density profile with respect 
to time, in order to draw any solid conclusions. 

The cells of group H2( 1) also had reasonably good initial performance (Po = 26.0 mW). 
The recovery , shown in Figure 4 ,  is from 0.65 Po immediately after irradiation to 
0.88 Po sixty-nine days after irradiation, giving the H2(1) cells an averaged power of 
22.9 mW , significantly above the average of two 10 ohm-cm n/p cells irradiated to the 
same fluence. None of the cells of this group showed any erratic behavior. 
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The T2( 1) cells had high short-circuit current , Io = 68.2, but the photovoltaic charac- 
teristics had a rather low curve power factor of 0.67. (The averaged power factors 
for groups C2( 1) and H2(1) were 0.75 and 0.72, respectively. ) Thus, the initial 
power for group T2(1) was only 26.8 mW. The A factor of the cells was obtained 
using multi-light-level I-V characteristics (Reference 7) ,  and was found to be close 
to unity in the current range of interest, 30 to 65 mA. However, the cells were found 
to have approximately 1-ohm series resistance (as compared with x0 .3  ohm for C2(1) 
and H2( 1) cells). This series resistance was probably largely responsible for the low 
curve power factor in these T2( 1) cells, 

The post-irradiation behavior of the T2( 1) cells is shown in Figure 5. These cells 
recovered surprisingly rapidly (within ~ 1 0  days as  indicated by spot checks on in- 
dividual cells not indj cated in Figure 5). The recovery was particularly rapid con- 
sidering the low lithium density in the T2 cells and it is suspected that the oxygen 
density in these cells is considerably below that normally encountered in Quartz- 
Crucible cells. The cells have maintained substantially stable performance between 
the 45th and 69th day after irradiation. The post-irradiation series resistance is xl 
ohm, the same as  the pre-irradiation value. Only one instance of eratic behavior, 
a x 2 0 0  ohm shunt leakage in T2-16 on the 45th day, has been observed. This shunt 
leakage was not present in the most recent readings. 

Table V also gives post-irradiation values for lot 2 cells of groups (2) and (3). These 
tests extend only eleven days after irradiation, however, some interesting trends a re  
already evident. First, one of the cells of group C2(3) , cell C2-20 developed a shunt 
leakage of 100 ohms immediately after irradiation to 3 x 1015e/cm2 and was dropped 
from the average in Table V. The other two cells from this group, C2-19 and C2-21, 
also developed less severe shunt leakages of X300 ohms, apparently during irradiation. 
The shunt leakage in all of these cells has remained constant since irradiation. The 
series resistance of the cells is less than 1 ohm. In addition, severe shunt leakages 
appeared in both cells of group T2(3) after irradiation to 3 x 1015e/cm2, These 
leakages a re  reflected in the low post-irradiation values of P/Po in Table V. One of 
the cells, T2-19, has had a %lo0 ohm leakage since irradiation accompanied by a 
series resistance of M 2 ohm immediately after irradiation which has subsequently 
increased with time. The other cell, T2-18 , displayed a shunt resistance varying 
in time: > Z O O  ohms immediately after irradiation, ~ 3 3  ohms at 3 days, and ~ 1 0 0  
ohms at  11 days. T2-18 also showed a series resistance increase from ~1 ohm to 
~ 1 . 5  ohms during irradiation with no subsequent post-irradiation increase in series 
resistance. The reason for the shunt resistances is not clear. However, the in- 
crease in series resistance in the relatively lightly doped T2(3) cells after the heavy, 
3 x 10 e/cm2, irradiation could be caused by carrier removal. Unfortunately, there 
is no readily available method to check this since the capacitance method for obtaining 
donor density is invalid when the defect density is comparable to the donor density 
(Reference 11). 

15 
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It should be noted that one of the two T2(2) cells, T2-14, has a severe shunt leakage 
of -50 ohms. However, this was present even before irradiation. The remaining 
cells in groups (2) and (3) of lot 2 display no irregular behavior up to the present time. 

__ - 

h-mber (e/cm2) . LI Ditfusion Li Redistribution 
CJf 

Cells $ Temp(%) Time(Min) Temp(OC) Time(h4in) 

3 1 x 1 0 ~ ~  400 90 0 0 

3 -8x1Ol4* 400 90 0 0 

3 3x10l5 400 90 0 0 

2 lX10l4 425 90 425 60 

3 ~ 8 x 1 0 ~ ~ ~  425 90 425 60 

D. T3 AND H4 CELLS 

Li Concentration 

N ~ ~ ( c r n - ~ )  dNL/dw(cm4) '0 

3x1Ol5 1x1020 80 

3 ~ 1 0 ~ '  1x1020 80 

3x1Ol5 1x1020 BO 

lX10l5 3 ~ 1 0 ~ '  30 

1 x 1 0 ~ ~  3 x 1 1 3 ~ ~  30 

Cells from lot T3 were manufactured from phosphorus doped Lopex silicon with 
starting resistivity of greater than 50 ohm-cm. Cells from lot H4 were made from 
phosphorus-doped Float-Zone silicon with starting resistivity of = 100 ohm-cm. The 
process variables , approximate initial lithium concentrations , and initial diffusion 
lengths a re  listed in Table VI. T3 cells are  seen to have very high lithium densities, 
NLO -3 x 10 ~ m - ~ ,  dNL/dw -1020cm-4, but also high diffusion lengths e 8 0  ~.r m. 
These cells , together with Texas Instruments Lopex and Float-Zone cells received 
under a predecessor NASA contract (Reference 2) , prove that high lithium doping and 
high minority carrier lifetime are  not necessarily incompatible. The cells from lot 
H4 also have high lithium density near the junction, a factor of'-3 below that for the 
T3 cells. The H4 cells, however, have low diffusion lengths, the average being ap- 
proximately 30 ~ m .  

15 

Considerable difficulty was encountered in the measurement of the properties of both 
T3 cells and H4 cells. The problem with T3 cells arose due to intermittent shunt 
leakages. Such shunt leakage was encountered during both dark and illuminated I-V 
measurements although, in general, it became more severe with increasing illumina- 
tion. Spontaneous changes were frequently encountered during the course of a meas- 
urement. It is tentatively concluded that the cell leakage was internal. Given the 
high doping density of these cells, it is possible that precipitates could form in the 
junction region, giving rise to shunt leakage. In any case, the leakage rendered sev- 
eral  cells , namely T3-17, -21, -27, -28, -29, and -30, useless for testing purposes, 
and several others, as will be seen below, questionable as to measurements of power 
and open-circuit voltage. 

TABLE VI 

PROPERTIES OF T3 AND H4 CELLS 

Cell 
Group 



The H4 cells presented contact problems. On many of the cells it was not possible to 
obtain good contact. This problem was alleviated in the case of some cells by applying 
solder to one of the corner darts of the top contact. However, proper contact has not 
been obtained to cells H4-3g7, -42, o r  -53. 

The T3 cells were divided into three groups which were irradiated to 1 x 1014e/cm2, 
~8 x 1014e/cm2 of Z O .  7 MeV electrons, and 3 x 10l5e/cm2. The H4 cells were 
divided into 2 groups irradiated to 1 x 1014e/cm2 and a8 x 1014e/cm2 of ~ 0 . 7  MeV 
electrons. Table VI1 lists the results of the pre-irradiation and post-irradiation 
measuffments on these five roups of cells. In groups T3(1) and T3(2) irradiated to 

was encountered in several cells. Cells displaying shunt leakage were omitted when 
computing the average powers and voltages in T3 groups. However, the short-circuit 
current and, thus, the minority-carrier lifetime show good recovery and stability 
properties in all three groups of T3 cells (Note the exception: a drop in I/Io from 
0.94 to 0.92 between the 3rd and 6th days in group T3(1)). The only T3 group from 
which no cells have been lost due to shunt resistance is T3(3), the most heavily ir- 
radiated group (3 x 10I5e/cm2). Recovery curves for the T3(3) group are  given in 
Figure 6 .  It is seen that after 3 days after irradiation, the T3(3) cells have higher 
power than the average of four n/p cells (D-9 to -12) irradiated to the same fluence. 
The initial power of the T3(3) cells, 23.1 mW, is, however, well below the n/p value 
of 28.1 mW. 

1 x 10 e/cm2 and “-8 x 10 1B e/cm2, respectively, the shunt leakage problem again 

The H4 cells, as  seen in Table VII had low initial values of performance parameters. 
In these cells, the contact problem once again was encountered and little post-irradia- 
tion data is available at present. 

TABLE VII 

PHOTOVOLTAIC PERFORMANCE OF T3 AND H4 CELLS 

*Only 2 cells averaged, 3rd showed shunt leakage 

**Only 1 cell, others showed shunt leakage 

6 Days 

.92 0.93* 0.98 

- -  - 
.69 0.63 0.88 

- -  - 
- -  - 

11 Days 

VIo I P/Po k/vo 
0.93 0.94* 0.98* 

a 77 0.73**0.93** 

0.70 0.64 0.89 

7Actually H4-3539. The first two digits of the four-digit number following the lot 
designation on H cells have been dropped. 
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Figure 6. Cell Performance vs. Time After Irradiation 
to 3 x 1015e/cm2 - T3(3) Cells 

E.' C4 CELLS 

S i x t y  cells from lot C4, fabricated from 100 ohm-cm Float-Zone silicon, have 
been tested. These cells came under five groupings or  "batches". Each batch, con- 
sisting of 12 cells, underwent a given lithium diffusion schedule. For example, re- 
ferring to Table VII, batch I consists of cells C4-1 to C4-12, all of which underwent 
a 90-minute lithium diffusion at 425OC with no subsequent distribution. Each batch 
was divided into four cell groups: a group of 4 cells irradiated to 1 x 1014e/cm2, a 
group of 3 irradiated to 5 x 1014e/cm2, a group of 3 irradiated to 3 x 1015e/cm2, 
and a group of 2 left unirradiated. In addition to the information noted above , Table 
VIII lists the approximate lithium concentrations and the initial diffusion lengths for 
each batch. It is seen that with the lithium diffusion cycles employed, the lithium 
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density in the base region near the junction decreases with increasing redistribution 
time. Thus , batch 111 has lower values of NLO and dNL/dw than batch 11, which in 
turn , has lower values than batch I. Similarly, batch V has lower values than batch 
Tv. It is also seen that in this lot of cells , the initial diffusion length increases with 
decreasing lithium concentration in agreement with the trend in most lithium cells. 
Unfortunately even the best batch in this regard, i. e. , batch Et, has a relatively low 
diffusion-length average of ~ 4 0  pm. 

Li 

N ~ ~ ( c r n - ~ )  

3x1015 

3x1015 
3 x d 5  
2x1015 
2x1015 
2x1015 
2x1015 
2x1014 
2x1014 
~ ~ 1 0 1 4  
2x1014 
2x1015 
2x1015 
2x1015 
2x1015 

3x1014 
3x1014 

3 ~ 1 0 ~ 4  
3x1Ol4 

Table IX lists the pre -irradiation and post-irradiation photovoltaic parameters meas - 
ured for these cells. The values listed are as before , averaged over all the cells 
in the group unless otherwise specified. In general, cells of a given batch were simi- 
lar in behavior (allowing €or a -10 percent spread between the highest and lowest 
value of Io in a given batch). One exception was found in cells C4-30 to -35 in batch 
III. These six cells displayed series resistances of approximately 1.5 ohms before 
irradiation. This series resistance had a severe influence on their post-irradiation 
behavior as will be discussed below. 

Concentration 

WL/dw(crn-4 

5 x d 9  
5x1d9 
5x10I9 
5 ~ 1 0 ~ ~  
2x1019 
2x1019 
2x1019 
2x1019 
1x1018 
ixlo18 
lxio18 
1x10~8 
zX1o19 
2x1019 
zX1o19 
2x1019 

1x10~8 
1~1018 

1x10l8 
1x10l8 

In the recovery and stability studies, we will first consider the cells irradiated to 
1 x 101*e/cm2, i. e. , groups (1) , (5), (9) (13) and (17) .  It is seen that the cells with 
the best initial performance , namely (9) and (17) , suffer the greatest fractional de- 
gradation during irradiation, I/Io being 0.83 and 0.85, and P/Po being 0.79 and 0.82, 
respectively, for these groups. This was found to be the case at all three radiation 
fluences. Within 3 days after bombardment, all five groups have recovered to within 
4 percent of the original power. A s  of 11 days after irradiation, only one slight trend 

TABLE VIII 

PROPERTIES OF C4 CELLS 

C4-1 to 6411 
c4-5 to c4-7 
C4-8 to C4-10 
C4-11 & C4-12 
C4-13 toC4-16 
C4-17 toC4-19 
C4-20 toC4-22 
C4-23 & C4-24 

c4-29toc4-31 
C4-32 tOC4-34 
C4-35 & C4-36 
C4-37 toC4-40 
c 4  
c 4  
c 4  
C4-49 to C4-52 
c4-53 toc4-55 
C4-56toC4-58 
C4-59 & C4-60 

c4-25toc4-2a 

I I 

(e/cm2 

0 

1 x 1 0 ~ ~  
5x1Ol4 
3x1Ol5 

0 

5x1Ol4 
3 x d 5  

0 -  

5x1Ol4 
3x1015 

0 

5x1Ol4 
3x1Ol5 

0 

5x101* 
3x1Ol5 

0 

1x1014 

1 x 1 0 ~ 4  

1x1014 

1x1014 

- 

Li Diffusion 

Temp('C 

425 
425 
425 
425 
425 
425 
425 
425, 
425 
425 
425 
425 
450 
450 
450 
450 
450 
450 
450 
450 

Pime(Min 

90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
40 
40 
40 
40 
40 
40 
40 
40 

19 

Li Redia 

'emp(0C 

none 
none 
none 
none 
425 
425 
425 
425 
425 
425 
425 
425 
none 
none 

none 
nolle 

450 
450 
450 
450 

ibution 

l'ime(Min 

none 
none 
none 
none 
60 
60 
60 
60 

120 
120 
120 
120 
none 
none 
none 

80 
80 
80 
80 

none 

1 

w) ' 

LO 

15 
15 
15 
15 
20 
20 
20 
20 
40 
40 
40 
40 
15 
15 
15 
15 
30 
30 
30 
30 
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toward redegradation is observed. This occurs in group C4(1) where all of the cells 
display a slight ( 1 percent) drop in open-circuit voltage, and consequently power, 
relative to the 3-day reading. It is too early to ascertain whether this drop is 
significant. 

The cells in groups (2), ( 6 ) ,  ( l o ) ,  (14), and (18) were irradiated to 5 x 1014e/cm2, 
These cells have partially recovered in the 11 days since irradiation with indications 
of redegradation present only in cells 64-30 and -31 of group ( l o ) ,  two of the cells 
with high initial series resistance. The redegradation experienced by these two cells 
is in the form of a small increase in series resistance from = 1.4 ohms immediately 
after irradiation to = 1.7 ohms six days after irradiation. During the time in which 
this series-resistance increase occurred, short-circuit current recovery was also 
taking place so that the net result was a slight increase in the output of these two cells. 
The other cell of group ( lo ) ,  C4-29, had a lower initial series resistance, 0.7 ohm. 
This cell also showed a slight post-irradiation resistance increase to 0.85 ohm which 
occurred between the first and sixth day after irradiation. 

The cells in groups (3), (7), (11) , (15), and (19) were irradiated to 3 x 1015e/cm2. 
The recovery curves for these five groups are  given in Figures 7 to 11. No degradation 
has yet been observed in cells of groups (3), (7), (15), and (19). Group C4( 11) , shown 
in Figure 9 ,  suffer continuing degradation in power output after irradation. The cells 
of C4(11) a re  C4-32 to -34 which initially had high-series resistances of = 1.5 ohms. 
Immediately after irradiation, the series resistance in these cells was - 2.7 ohms, 
and six days after irradiation was 4.5 ohms. Thus, the degradation in power was 
(probably entirely) due to the increase in series resistance, The pre-irradiation 
photovoltaic characteristics of C4-32 are given in Figure 12 for illumination by 140 
mW/cm tungsten and for 4 ’ 0  mW/cm illumination. The series resistance was 
obtained (Reference 7)  from the curves by measuring the voltage at a point offset an 
equal amount, in this case 6.5 mA, from the short-circuit current point on each curve. 
By taking the difference in this voltage bemeen the two curves (0.038 V) and dividing 
by the difference in short-circuit current (25.3 mA) the resistance is found to be = 1.5 
ohms. Post-irradiation curves for C4-32 taken at 140 mW/cm2 are shown in Figure 13. 
Curves a r e  given for  20 minutes, 150 minutes, 3 days, and 11 days after irradiation. 
These curves clearly show the effect of increasing resistance on the curve shape and 
power output. The series resistance was directly measured in the 20-minute, 150- 
minute, and 3-day curves by the method of Figure 12. By the sixth day after irradia- 
tion the series resistance had become sufficient to significantly effect the short-circuit 
current. This is shown in the 11-day curve where a significant negative slope is seen 
at the current intercept. In order to get accurate measurements of light-generated 
current and series resistance under these conditions, it would be necessary to drive 
the terminal voltage sufficiently negative to reduce the p/n junction bias to zero. 

2 2 

The cells in group C4(7), C4-20 to -22, all developed a =300 ohm shunt leakage im- 
mediately after irradiation. The shunt resistance has since remained at this ~ 3 0 0  
ohm value. The three cells from group C4( 19), C4-56 to -58, developed series resist- 
ances of = 1.5 ohms and shunt leakages of ~ 1 5 0  ohms during irradiation. These 
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resistances have also remained constant siqce immediately after irradiation. Groups 
C4(3) and C4( 15), which a re  the two groups with poorest initial performance, have 
displayed no post-irradiation irregularities. A very interesting element in the post- 
irradiation behavior of the cells irradiated to 3 x 1015e/cm2 is the almost total re- 
covery of the short-circuit current. This is readily seen in Table IX and in Figures 
7 to 11. Where series and shunt resistances are absent, almost all of the loss in 
performance of the recovered cell with respect to the pre-irradiation performance is 
due to a loss in open-circuit voltage. This is quite the opposite of the situation in 
n/p cells (Reference 12), and in lithium cells immediately after irradiation where the 
short-circuit current loss is the larger factor in cell degradation. 
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Attempts were made to relate this behavior to physical parameters through investiga- 
tion of the equations for short-circuit current and open-circuit voltage (References 8 ,  
13) 

J = 15.5 log 

and 

0.062 exp (39E 

D P P  " n p n  p 
V = 0.0575 loglo JL 

L 
where 

J is short-circuit current density, 

D is the minority-carrier diffusion constant in the n type base, 

7 is the minority-carrier lifetime, 

E is the silicon band gap, 

pn is the resistivity of the base region, and 

p is the majority-carrier mobility in the base. 

P 

P 

g 

n 

The equations indicate that the observed behavior of full  short-circuit current re- 
covery and permanent open-circuit voltage degradation would occur only if the pro- 
duct of P n p n Dp significantly increased. Clearly, neither p n nor Dp increase: 
previous results (see Appendix I of Reference 4b) show that p n  remains constant at 
room temperature. Thus, an effective increase in pn  is required for the observed 
changes. Such an effective increase in p 
observed (Reference 4) weakness of the p/n junction in lithium cells. It is thus 
concluded that the apparently permanent degradation in open-circuit voltage in these 
cells is due to changes occuring in the junction itself rather than to any effects in 
the bulk of the base region in the cell. 

is reasonable in view of the previously 
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SECTION 111 

CONCLUSIONS AND FUTURE PLANS 

A. CONCLUSIONS 

The work in the present reporting period, consisting purely of cell evaluations, 
has produced some surprising examples of non-recovery and unexpectedly rapid re -  
coveries in JPL-furnished cells. There is evidence that not all important proces- 
sing problems for lithium cells have yet been solved. It is also clear that there is 
at least one type of 'cell redegradation possible which is totally unrelated to minority- 
carrier lifetime redegradation. 

The results of the recovery and stability tests on a large number of JPL-furnished 
p/n lithium-containing solar cells show that Quartz -Crucible cells were free from 
redegradation for the first 69 days after irradiation to a fluence of 1 x 1014e/cm2. 
One group of cells (lot C2) , however, showed no significant recovery over this per- 
iod of time. By contrast, another group (lot T2) displayed recovery times, i. e. , 
-10 days, which were unusually short for Quartz-Crucible cells. 

Cells fabricated from Quartz-Crucible silicon , Lopex silicon, and Float-Zone silicon 
were more recently irradiated to higher fluences (5 x 1014 and 3 x l0l5e/cm2). In 
the first eleven days since irradiation, all of these cells except those from lot C2 
recovered, to varying degrees , in short-circuit current. No cells have yet shown 
any significant redegradation in short-circuit current. However, in three cells of 
lot C4 (Float-Zone) irradiated to a fluence of 3 x 1015e/cm2, rapid degradation in 
power was observed to continue after irradiation had ceased. This was attributed to 
an  increase in series resistance , probably contact resistance, after irradiation. 
This resistance was observed to increase with time after irradiation and, hence, 
probably has relevance to the redegradation problem. Several cells from lot T2 
(Quartz -Crucible) displayed unduly low shunt resistances both before and after ir- 
radiation. Several cells from both Quartz -Crucible and Float-Zone lots developed 
shunt resistances of 2 100 ohms which appeared in the measurements taken immediately 
after irradiation. In all five groups of the C4 group, which were irradiated to 3 x 1015 
e/cm2, the relative damage to open-circuit voltage degradation remaining after 11 
days recovery time was greater than the remaining damage to short-circuit current. 
These results , together with stability results reported in the previous reporting 
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period, lead to the strong suspicion that weakness in the junction properties and con- 
tacts are more common causes for problems in lithium cells than is redegradation 
of minority-carrier lifetime. The accumulated experience on lithium cells however, 
indicates that several redegradation mechanisms , including lifetime reduction, may 
be simultaneously operative, depending on the initial cell properties and the level of 
radiation. In the present tests it is too soon to see any relationship between cell 
stability properties and previous work (Reference 4b) on carrier removal and mobility 
in bulk silicon. 

Measurements on five batches of C4 cells which had undergone different lithium dif- 
fusion and redistribution schedules showed that the batches undergoing longer re- 
distribution cycles had lower lithium densities near the junction and higher initial 
minority -carrier diffusion lengths and initial photovoltaic outputs. 

B. FUTURE PLANS 

Stability tests on both irradiated and unirradiated JPL-furnished cells will be 
continued. Attempts will be made to relate changes in photovoltaic response to cell 
physical characteristics through light and dark I-V measurements and capacitance 
measurements. Correlations between this work and previous work on solar cells 
and bulk silicon will be sought. 
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